Minimizing reflection losses is required for the efficient operation of a wide range of optical components. Anti-reflection coatings supporting Fabry-Pérot resonances are commonly used to solve this problem and can be applied on an industrial scale. Recent work has shown that reflections can also be reduced by placing an array of high-index nanostructures on a surface. In such coatings, anti-reflection is achieved by tailoring the scattering by optical Mie resonances.
Introduction
The quest for more efficient photonic devices relies on our ability to manage the flow of light at the nanoscale. In this work, we analyze whether Mie resonant nanostructures can help reduce unwanted reflections at materials interfaces, arguably the most ubiquitous problem in the design of optoelectronic devices. For photovoltaic applications, the design of anti-reflection (AR) coatings is particularly challenging as it needs to be achieved across a very broad spectral range.
The minimization of reflection of a flat substrate was first demonstrated by placing a thin layer of transparent dielectric -referred to as Rayleigh's film 1 -at the interface of the substrate to suppress reflection by destructive interference 2 . However, a major disadvantage of such singlelayer interference coatings lies in the strong dependence on both the angle of incidence and the wavelength of the incident light. Further evolutions of the interference AR concept include multiple or graded-index coatings [3] [4] [5] [6] [7] , achieving broadband and omnidirectional AR at the expense of ease of fabrication and costs.
Novel approaches exploit high-index resonant scatterers 8 and optical metasurfaces 9,10 to achieve broadband anti-reflection. These are arrays of low-aspect-ratio nanostructures that can conveniently be patterned by a variety of approaches. When properly sized, they can effectively capture and redirect light through the excitation of optical Mie resonances [11] [12] [13] [14] [15] . This enables strong forward scattering 16, 17 of incident light into a substrate to reduce reflectance 18, 19 . However, the spectral efficiency of these nanopatterns is limited by their resonance bandwidth and a multiresonant behavior is needed in order to cover the majority of the solar spectrum 8, 20 .
Here, we demonstrate how silicon (Si) metasurfaces can combine the beneficial effects of Fabry-Pérot (FP) resonances and Mie resonances in a single layer. To this end, we carefully arrange nanowires or pillars into sub-wavelength arrays to achieve broadband and spectrally engineered anti-reflection. Using a simple theoretical model based on coupled mode theory (CMT) [21] [22] [23] [24] [25] , we develop an intuitive insight into the multi-modal interaction between the FP and Mie resonances within the nanopatterned layer. Our experimental results demonstrate broadband anti-reflection in the spectral range from 425-900 nm for optimized designs. The multi-resonant metasurface concept can be generalized to all high-index materials and other wavelength ranges, making it suitable for a broad range of applications including solar cells, sensors, and other optical components.
Theory
In this section, we introduce the concept of a multi-resonant metasurface in which FP and Mie resonances can be made to work together to reduce reflection. The initial starting point is to leverage the work on conventional thin interference AR coatings to achieve a low reflectance across a broad range of wavelengths in the red side of the solar spectrum. Then, we will use the knowledge of Mie resonators to carve a second reflectance minimum at shorter wavelengths in order to achieve an overall more broadband antireflection in a single effective layer.
Whereas traditional AR coatings have been continuous films of a single material (e.g. Si3N4), more flexibility to control the refractive index has come from the use of deep-subwavelength nanostructures forming a metamaterial with an effective index. To illustrate this concept, we first consider a dense array of Si nanobeams placed on a Si substrate. When the spacing of the nanobeams is made sufficiently small compared to the illumination wavelength, the array functions as an effective medium supporting a FP resonance. The location of this resonance depends on the layer's effective index neff that is controlled by the refractive indices of the constituents (nair and nSi) as well as by their filling fractions 26 . To first order, the magnitude of neff is described by effective medium theory. For anisotropic nanobeam arrays, the effective index depends on the polarization of incoming light as 27 :
where eff ⊥ is used when the electric field E is polarized perpendicularly to the wire axes (TE polarization) and eff ∥ is used when E is polarized along the wire axes (TM), and F is the filling fraction of Si. For most practical purposes a polarization-independent geometry based on, e.g., nanopillars is more relevant. In the latter case, the effective index is given by the root mean square of eff ⊥ and eff ∥ 28 . To highlight the key physics, we first consider a constant refractive index nSi = 4 + 0.1i to avoid complications from the material dispersion in real Si. Figure 1a shows the analytically calculated reflectance of a slab of thickness h = 120 nm with index given by Eq. (1) (with nair = 1) as a function of the filling fraction (directly related to the periodicity). Reducing the period from 300 nm to 120 nm for fixed wire width (80 nm) shifts the minimum to Recent work has demonstrated that high-index nanostructures with sizes comparable to the wavelength of light in the medium support optical Mie-type resonances [11] [12] [13] [14] [15] whose spectral location can be tuned with both the nanobeam height and width 29 . For 80-nm-wide and 120-nmhigh beams, the lowest-order Mie resonance (Magnetic Dipole) appears near the peak of the solar spectrum at 500 nm 17 (Fig. 1b ). As a result, light at this wavelength is efficiently scattered forward into the substrate, lowering reflection.
According to the above discussion, it is clear that a dense array of nanobeams can support two pathways for an incident light wave: a FP resonant pathway governed by the effective-index layer just described ( Fig. 1a ) and a Mie-resonant pathway (Fig. 1b) . In order to investigate the interplay of the two pathways, Fig. 1c shows the simulated (Lumerical FDTD 30 ) reflectance spectra of an array of nanobeams under normal incidence (TE polarized) as a function of the periodicity p. Only one reflection minimum is observed at larger periodicities, while another dip appears as the array periodicity is reduced. This provides for a broader and more efficient anti-reflection behavior.
To identify the origin of the two minima, two dashed lines are added to Fig It is important to stress that the position of the minima in Fig. 1c does not necessarily coincide with the minima that the two pathways would generate individually. In fact, the interference of the broad FP background and the Mie resonance can give rise to a characteristic asymmetric Fano line-shape 31 . For such a resonance, the distance between the minimum of the spectrum and the resonant frequency depends on the so-called Fano shape parameter, which describes the degree of asymmetry 32, 33 . Moreover, the second minimum is slightly shifted compared to that of the FP background alone due to the presence of the Mie resonance. To achieve the best antireflection, it is clear that the relative amplitude and phase of the light scattered fields produced by each mechanism will need to be optimized. We use coupled mode theory to quantitatively explore the interaction of the two resonant mechanisms. CMT is very powerful in describing the behavior of coupled resonances and enables the possibility of calculating the reflectance of an optical system by modeling its interaction with incident light through different resonant processes [21] [22] [23] [24] [25] . The reflectance of the coupled system is given by (see Supplementary Information):
Here, reff is the Fresnel reflection coefficient for a dielectric slab of index neff on a substrate. The parameters ω0, A, φ and g determine the resonance frequency, amplitude, phase offset and width of the Lorentzian function in the second term. The first term represents the broader FP background while the second term corresponds to the Mie-resonant pathway with a Lorentzian lineshape. To capture the antireflection behavior over a broader wavelength range or with different particle sizes, additional Mie resonances may be added.
To demonstrate that the doubly-resonant nature observed in Fig. 1 is well-described by CMT, we explore whether the full-field simulated spectra can be captured by Eq. (2). A quick inspection of Eq.
(2) reveals that the dependent parameters are neff, ω0, A, φ and g. Given the large number of parameters, it is of value to obtain physically reasonable values for as many of them as possible.
As mentioned, neff is a function of the Si filling fraction and a reasonable estimate of ω0 can be obtained from the frequency of maximum absorption within the wires (Fig. 1b ). Based on these assumptions, the spectra composing Fig. 1c are then fitted to generate Fig. 2a . Despite its simplicity and approximations (see Supplementary Information) , the agreement between the CMT model and full-field simulations across many periods and wavelengths suggests that it captures the key physics. As such, it is a useful tool to optimize the broadband antireflection of these types of coatings.
Due to the complex-valued nature of the two terms in Eq. (2), anti-reflection behavior at multiple spectral locations is not obtained by simply adding two pathways that would generate a dip in reflectance when isolated (in accordance with the observations in Fig. 1 ). To fully exploit the doubly resonant nature of our structure, the amplitude of the two pathways must match with a π phase difference. To evaluate whether these conditions are met, two spectra in the single-dip and double-dip regime are isolated (p = 300 nm and p = 180 nm, respectively) and plotted along with the amplitude of the corresponding FP (yellow) and Mie resonant (green) pathways (Figs. 2b, d) .
The spectra obtained from the full-field simulations are also shown (blue dashed), demonstrating good correspondence with the CMT fit (red). For p = 300 nm (single-dip regime) the FP and Mie resonant pathways are almost equal in amplitude on resonance ( = 554 nm, Fig. 2b ). To study the relative phase at resonance, a phasor diagram is used to simultaneously plot the amplitude and phase for the two pathways in the complex plane (Fig. 2c ). The resulting reflectance (red) can be obtained by vectorial addition of the direct (yellow) and resonant (green) components. Fig. 2c clearly demonstrates that the two pathways are close to equal in amplitude and π out of phase simultaneously, giving rise to a low reflectance. For the period of 180 nm, a double-dip occurs and the interference between the two pathways gives rise to a characteristic asymmetric Fano lineshape superimposed on the broad FP background. The amplitude is matched twice (Fig. 2d ) but the AR condition is perfectly satisfied only for the first dip ( = 438 nm). The second dip is slightly red-shifted with respect to the second amplitude-matching wavelength, and the phase difference between the pathways is slightly less than π ( Fig. 2e ). As a result, the reflection is not completely cancelled.
Finally, both resonant mechanisms -and therefore the entire reflectance spectrum -can be designed at will through careful engineering of the nanostructure dimensions (see Supplementary   Info ). For example, increasing the height of the wires results in a thicker effective layer, shifting the dip in the Fabry-Pérot background to longer wavelengths. On the other hand, changing the dimension of the nanobeams also results in a change in the Mie resonant properties 17 and the position of the associated dip. Hence, our structure's design is not carried out by simple numerical minimization of the average reflectance but is rather obtained through judicious design of the interplay of the two mechanisms using our theoretical model.
Experiment
To demonstrate the doubly-resonant metasurface AR-coating experimentally, we fabricate an optimized metafilm based on a Si nanobeam array and measure its reflection spectrum. Using the dispersive index of silicon 34 and aiming to place both reflection dips within the visible spectrum, the designed geometry for polarized light is a nanowire array with w = 80 nm, h = 120 nm, and p = 180 nm (see Supplementary Info) . The structures were fabricated by electron-beam lithography.
Si substrates were spin-coated with an 80-nm-thick layer of hydrogen silsesquioxane negative ebeam resist (HSQ, 4% in methyl isobutyl ketone), and baked for 45 min at 90 ⁰C. Lines were fabricated in the HSQ by exposure using a JEOL JBX 6300 lithography system (100 kV, dose 1500-3500 µC/cm 2 ) and development in tetramethylammonium hydroxide (TMAH 25%, 120 s).
The pattern was then transferred into the Si by a two-step reactive-ion etching procedure using C2F6 and Cl2/HBr, respectively. Finally, the cross-linked HSQ mask was removed using HF (5% in H2O). The resulting nanobeam array is composed of smooth Si beams that are uniform in size across a large area (Fig. 3a) . The focused-ion-beam (FIB) cross-section shows slight slanting of the walls with a width that is changing from top to bottom from about 65 to 115 nm (Fig. 3b ). The height of the beams is about 145 nm, as determined by atomic-force microscopy (AFM) (Fig. 3c) .
We measure the local reflectance spectrum with a Nikon C1Si Confocal Microscope equipped with a Princeton Instruments SpectraPro 2300i spectrometer and PIXIS CCD-detector. We use a 20X objective (Nikon, NA = 0.4) and a 100 µm pinhole to analyze the reflectivity of the nanobeam array across the 425-900 nm spectral range. We employ a silvercoated mirror (Thorlabs PF10-03-P01) as a reference. Also, the microscope's aperture diaphragm (A-stop) is closed to ensure the smallest incident angle possible, and a polarizer in the collection path is used to analyze just the TE polarized light reflection.
The measured reflectance spectrum (red, Fig. 3d ) experimentally demonstrates the doubledip in reflectance as a result of the doubly-resonant behavior of the metasurface AR coating. First, a minimum located at 500 nm due to the magnetic dipole resonance in the individual wires is present. To corroborate this, the simulated absorption within the nanowires is shown as an inset, which exhibits a clear peak around λ = 500 nm due to resonant absorption. The magnetic field amplitude at resonance is also shown, with the characteristic magnetic dipolar profile clearly observable. Second, a spectrally-broad minimum is observed between 600 < λ < 800 nm due to the FP resonance. The kink in reflectance close to 700 nm is due to a Rayleigh anomaly at the diffraction edge. Using the actual dimensions and shape extracted from FIB cross-sections and AFM line scans to account for fabrication imperfections, it is possible to compare the experimental spectrum to its FDTD-simulated counterpart using the dispersive index of silicon 34 . The resulting spectrum (blue dashed, Fig. 3d ) shows very good correspondence to the experimental spectrum.
Broadband AR is obtained from two separate spectrally engineered resonant modes within the same metasurface coating, with an averaged experimental reflectance as low as 3.9% over the wavelength range from 425 -900 nm (weighted for the AM 1.5 solar spectrum). The experimentally observed double-dip is not as evident as in the theory (Fig. 2d ) and this can be understood by assessing the impact of fabrication imperfections on the reflectance of our structure, as discussed in depth within the next section. 
Discussion
The overall good agreement between experiment and simulations could only be obtained by taking into account the slanting of the sidewall of the Mie resonators produced by the reactive-ion etching process. Its notable impact on the reflectance properties raises the question whether the sidewall slant can be engineered to further increase the performance of Mie-resonant AR coatings. Figure   5a shows the simulated spectral reflectance (color) of an as-designed Si nanobeam array (w = 80 nm, h = 120 nm, and period p = 180 nm) as a function of the sidewall move closer together with increased slanting of the side walls. Note that structures with slightly slanted sidewalls perform better than both perfect structures with straight walls and completely slanted ones (see Fig. 5b ), which explains the low broadband reflectance that was observed experimentally. Thus, while the fabrication imperfections make the observation of the two reflection minima more challenging, the resulting broadband lower reflectance is highly beneficial for practical applications.
Conclusion
In conclusion, we provide a framework to model, design, and fabricate semiconductor metafilms that combine Mie and Fabry-Pérot resonances to attain a broadband anti-reflection response.
Specifically, we presented the working principle of our metasurfaces in a rather intuitive way supporting our explanation with CMT and showing a strong agreement between theory and FDTD simulations. Using the insights gained from CMT it is possible to optimize the interplay of the two interfering pathways by changing the structures' geometry and hence engineer a double-dip in reflection within the visible spectrum. It is important to stress that this design can be tailored not only for different materials but also for other frequency ranges, with several potential applications (solar cells, image sensors, detectors, displays components etc.). Both nanobeam-and nanopillararrays are fabricated and show an experimental AM1.5-averaged reflectance as low as 3.9% and 4.1% for polarized and unpolarized light, respectively. Detailed structural analysis of the fabrication imperfections and their impact on optical properties revealed that slightly slanted structures give rise to a broadening and spectral overlap of the Mie and Fabry-Pérot resonances.
As a result, we can achieve even lower and more broadband anti-reflection performance than for structures with perfectly straight sidewalls. Finally, we note that the conceptual demonstration of multi-resonant metasurface AR coatings in this work could be up-scaled to practical applications with fabrication techniques such as substrate conformal imprinting lithography 35 , nanoimprint lithography 36 or rolling photolithography 37 , which enable large-area printing of engineered nanometer-scale structures in an inexpensive manner.
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